The spore coat protein CotA from Bacillus subtilis was previously identified as a laccase. We have now found that CotA also shows strong bilirubin oxidase activity and markedly higher affinity for bilirubin than conventional bilirubin oxidase. This is the first characterization of bilirubin oxidase activity in a bacterial protein.
The spore coat protein CotA from Bacillus subtilis was previously identified as a laccase. We have now found that CotA also shows strong bilirubin oxidase activity and markedly higher affinity for bilirubin than conventional bilirubin oxidase. This is the first characterization of bilirubin oxidase activity in a bacterial protein.
Bilirubin oxidase (BOD; EC 1.3.3.5) catalyzes the oxidation of bilirubin to biliverdin (2) and is used clinically to determine the levels of total and conjugated bilirubin in serum (3, 12, 14) . It is distributed mainly in fungi, and BODs from Myrothecium verrucaria (20) and Trachyderma tsunodae K-2593 (6) have been purified and characterized. BOD is thought to be a member of the multicopper oxidase family because it has been shown to bind a type I (blue) copper ion, a paramagnetic (electron paramagnetic resonance) type II copper ion, and a pair of diamagnetic type III copper ions (6, 16) . Moreover, strong sequence identity between BOD and the other multicopper oxidases, including laccase (EC 1.10.3.2), ascorbate oxidase (EC 1.10.3.3), and ceruloplasmin (EC 1.16.3.1), particularly at potential copper coordination sites (8) (Fig. 1) , has been widely reported.
On the other hand, BOD differs from other multicopper oxidases in that it catalyzes reactions involving substances comprised of tetrapyrroles, especially bilirubin (8, 21) . It is known that BOD oxidizes some laccase substrates (20, 22) ; however, laccase, ascorbate oxidase, and ceruloplasmin show little or no BOD activity (1, 21) , though one exception is the alkaliphilic laccase from Myrothecium verrucaria 24G-4 (18) . It has been proposed that these differences in substrate specificity reflect the heterogeneity of the amino acid sequences within the consensus domains (8) . X-ray crystallographic analysis of the structure of Coprinus cinereus laccase showed that the type I copper center of the enzyme contains His396, Cys452, and His457 as the copper ligands and a nonligating Leu462 at a position axial to the ligand (4). In addition, Kumar et al. (11) reported that most, but not all, fungal laccases carry a Leu or a Phe at this axial position 10 residues downstream from Cys452 ( Fig. 1) , though several other multicopper oxidases, including BOD, feature a Met at this position. Finally, Koikeda et al. (8) showed that Leu442 and Asp504, within the C-terminal consensus domain of M. verrucaria BOD, are not present in the other multicopper oxidases (Fig. 1) .
Recently, the Bacillus subtilis endospore component CotA was identified as a bacterial laccase (7, 13) , and the crystal structure of the protein was solved (5) . This is the first bacterial laccase that has been both functionally and structurally characterized in detail. CotA shows relatively high (19.7 to 22.4%) amino acid sequence identity with multicopper oxidases (13) and contains the four consensus copper-binding sites (17) . We also analyzed the consensus domains of CotA and found that the amino acid sequences around the copper coordination sites are closely related to those of BOD in terms of the aforementioned features; that is, CotA has a Met at the position corresponding to Leu462 in C. cinereus laccase and Leu/Asp at the positions corresponding to the Leu442/Asp504 in M. verrucaria BOD (Fig. 1) . Notably, when we expressed the CotA gene in Escherichia coli and examined characteristics of the product, we found that in addition to the previously identified laccase activity, the enzyme also shows strong BOD activity. Here we describe the characteristics of this first identified bacterial BOD. In addition, we describe our application of this enzyme for the determination of bilirubin levels in human serum.
Production and purification of recombinant CotA. It was previously reported that recombinant CotA protein was mainly produced as a precipitate when pET21a(ϩ) and E. coli AH3517 were used for the gene expression and that attempts to recover the soluble protein from the precipitate were unsuccessful (13) . This means that the gene product was produced as an inclusion body in the cell extract. To improve the protein's solubility, we evaluated its production by use of several combinations of expression vectors, host cells, and cultivation conditions. We found that E. coli JM109 transformed with pUC119 carrying the CotA gene produces large amounts of the soluble protein under low-temperature conditions. For construction of the expression vector, the oligonucleotide primers used to amplify the CotA gene fragment by PCR were 5Ј-ATAAAAGCTTATGAAATGACACTTGAAAAATT-3Ј, which contains a unique HindIII restriction site overlapping the 5Ј initial codon (italics), and 5Ј-TCATGTGGATCCTGTG TGAGCATAAAAGCTCC-3Ј, which contains a unique BamHI restriction site proximal to the 3Ј end of the termination codon (italics). Chromosomal B. subtilis DNA isolated as described previously (15) served as the template. The amplified 1.5 kbp fragment was digested with HindIII and BamHI and ligated with pUC119 vector linearized with the same restriction enzymes to generate pUC119BOX8. E. coli JM109 was then transformed with pUC119BOX8 and cultivated in Luria-Bertani medium containing 0.25 mM CuSO 4 and 50 g/ml ampicillin. With this protocol, the yield of soluble CotA was dependent on the cultivation temperature (Fig. 2) . At 21°C there was very little production, and beyond 31°C soluble protein accounted for less than 5% of the total CotA protein. But at 24°C approximately 50% of the CotA protein was detected in the soluble fraction.
So cultivation of the recombinant E. coli was carried out at 24°C for 20 h, after which the cells were harvested by centrifugation, suspended in 10 mM potassium phosphate buffer (pH 7.0) containing 1 mM CuSO 4 , and disrupted by ultrasonication. The entire operation was done at room temperature (ϳ25°C), and the fractions containing CotA were checked by sodium dodecyl sulfate-polyacrylamide gel electrophoresis at each purification step. The crude extract was heated at 65°C for 40 min, and the denatured protein was then removed by centrifugation. The remaining protein solution was then loaded onto a Q Sepharose Big Beads column (Amersham Biosciences) (50 by 300 mm) equilibrated with 10 mM potassium phosphate buffer (pH 7.0), and after the column was washed with the same buffer, the protein was eluted with a linear gradient of 0 to 0.5 M KCl in the same buffer. The fractions containing CotA were collected, and solid (NH 4 ) 2 SO 4 was added to achieve a 25% (wt/vol) concentration. The protein solution was then loaded onto a phenyl Sepharose 6 Fast Flow column (Amersham Biosciences) (50 by 300 mm) equilibrated with 10 mM potassium phosphate buffer (pH 7.0) containing 25% (NH 4 ) 2 SO 4 , and after the column was washed with the same buffer, the protein was eluted with a linear gradient of 25% to 0% (NH 4 ) 2 SO 4 in the same buffer. The CotA-containing fractions were collected and dialyzed against 10 mM potassium phosphate buffer (pH 7.0), after which the protein solution was loaded onto a DEAE Sepharose Fast Flow column (Amersham Biosciences) (50 by 300 mm) equilibrated with 10 mM potassium phosphate buffer (pH 7.0). After the column was washed with the same buffer, the protein was eluted with a linear gradient of 0 to 0.5 M NaCl in the same buffer. The fractions containing CotA were pooled, concentrated by ultra filtration, and used as the purified preparation. Because the concentrated enzyme (19 mg/ml) was easily precipitated when NaCl was removed from the buffer by dialysis, we ordinarily used buffer containing 0.6 M NaCl as the enzyme solution. About 2 g of purified enzyme was prepared from the cells obtained from a 38-liter culture.
Activities and enzymatic properties. Conjugated bilirubin is known to be a better indicator of liver function than total bilirubin (3, 12, 14) , and ditaurobilirubin is widely utilized as the standard for conjugated bilirubin. For that reason, we assayed the enzyme activity of the isolated CotA by use of both bilirubin and ditaurobilirubin (solubilized materials; Interference Check A) (Sysmex, Kobe, Japan) as substrates. The oxidation of bilirubin or ditaurobilirubin at 37°C was monitored spectrophotometrically at 450 nm (ε 450 ϭ 32 and 74 mM Ϫ1 cm Ϫ1 for bilirubin and ditaurobilirubin, respectively). Unless otherwise specified, the reaction mixture contained 100 mM potassium phosphate (pH 6.0), 20 g of substrate, and 1 to 3 mU of enzyme in a total volume of 1 ml. The reaction was started by the addition of the enzyme. The optimum pH of the enzyme was determined by running the standard assay at 37°C in the following 40 mM buffer systems: glycine-HCl (pH 2.6 to 3.4), acetate-NaOH (pH 3.4 to 5.9), citrate-NaOH (pH 5.9 to 6.8), potassium phosphate (pH 6.3 to 7.4), Tris-HCl (pH 7.4 to 8.7), and glycine-NaOH (pH 8.4 to 11.0). The optimum pH for bilirubin oxidation was found to be about pH 7.0 whereas that for ditaurobilirubin oxidation was about pH 4.0 (Fig. 3A) . M. verrucaria BOD also reportedly oxidizes ditaurobilirubin at acidic pH, which proved useful for selective measurement of conjugated bilirubin at about pH 5.5 (10) . Thus, the large difference in the optimum pHs for CotA-catalyzed oxidation of bilirubin and ditaurobilirubin may be advantageous for selective determination of conjugated bilirubin levels in serum.
We next compared the thermostability of CotA with that of T. tsunodae K-2593 BOD (Takara Shuzo Co., Ltd.) ( Fig. 3B and C) and, as reported previously (13) , found CotA to be highly thermostable. To determine its thermostability, the en- on July 7, 2017 by guest http://aem.asm.org/ zyme (10 mg/ml) was incubated in 50 mM potassium phosphate buffer (pH 7.0) containing 0.1% Triton X-100 at various temperatures, and the residual activity was determined using the standard assay described above. We found that CotA had lost none of its BOD activity after being heated at 84°C for 30 min, whereas the activity of the T. tsunodae enzyme was completely lost (Fig. 3B) . CotA also retained its full activity after heating at 65°C for at least 60 min, whereas T. tsunodae BOD showed a half-life of inactivation of about 40 min at the same temperature (Fig. 3C ). Thermostability has so far been reported only for M. verrucaria BOD, which rapidly inactivates at 70°C (20) . CotA thus appears to be the most thermostable BOD identified to date. The Michaelis constants were determined from double-reciprocal plots of the initial oxidation rates and concentrations of bilirubin or ditaurobilirubin at 37°C and pH 7.0. CotA showed typical Michaelis-Menten kinetics for both bilirubin and ditaurobilirubin. With bilirubin as the substrate, the apparent K m and V max values were 0.0080 mM and 28 mol/min/ mg, respectively. With ditaurobilirubin as the substrate, these constants were 0.015 mM and 10 mol/min/mg, respectively. This observed K m value of CotA for bilirubin is extremely low, and the V max /K m ratio is more than 20 times higher than that obtained with M. verrucaria BOD (Table 1) , which is frequently utilized for determining serum bilirubin levels.
Serum bilirubin assay. We assayed total bilirubin in serum by use of CotA according to the method described by Otsuji et al. (14) and compared the results to those obtained using the commercially available Iatro T-Bil kit (Mitsubishi Kagaku Iatron, Inc., Tokyo, Japan). Sera were obtained from 51 healthy individuals and from 19 patients with hepatobiliary disease. Figure 4 shows the correlation between the results obtained with the two assays. The correlation coefficient was 0.994 over a wide range of measurements, and the slope of the linear regression equation was approximately 1.08, showing that CotA could be used for accurate determination of serum bilirubin levels.
The genes encoding laccases have been cloned for a number of species, but in most cases the proteins are produced at levels too low to be used for commercial purposes (9, 19) . In the present study, however, we were able to develop an effective protocol for the high-level production of soluble CotA in E. coli. The isolated enzyme showed markedly higher affinity for bilirubin than conventional BOD and also exhibited greater stability. CotA thus shows great potential for use as a diagnostic reagent and may serve as the basis for a useful and practical method of bilirubin determination.
A possible link between laccase activity of CotA and production of a melanin-like pigment which appears to protect spores against UV light or hydrogen peroxide has been suggested (5, 13) . Although the physiological significance of the BOD activity is currently unknown, the significantly high affinity for bilirubin shows that CotA may have additional biological function beyond the laccase activity. 
